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Field of the Present Invention 

The present invention relates to a switchable optical element, particularly but 
not exclusively one which is suitable for use in an optical scanning device for scanning the 
information layers of different types of optical record carrier, and to an optical scanning 
5 device including such an element. 



Background 

Data can be stored in the form of information layers of optical record carriers 
such as compact discs (CDs), conventional digital versatile discs (DVDs) and so-called Blu- 
10 Ray™ discs. 

Blu-Ray™ discs have recently been proposed following the advent of blue 
laser diodes that emit Ught at a significantly shorter wavelength than the red laser diodes used 
to read or write data from conventional DVDs. As the wavelength of the blue laser diode is 
shorter than that of more commonly used red laser diodes, the blue laser diode can form a 
15 smaller spot on the disc, and hence the information layer tracks of Blu-Ray™ discs can be 
more closely spaced than those of conventional DVDs, which in turn means that Blu-Ray™ 
discs can have a greater storage capacity than conventional DVDs - typically at least a 
twofold increase in storage capacity can be obtained. 

To avoid customers having to purchase a variety of different devices for 
20 reading or writing data from or to specific types of optical record carrier, it is desirable for a 
single optical scanning device to be enable of reproducing data from a number of optical 
record carriers of different formats. 

However, this aim is not easy to accomplish as the different record carrier 
formats and the associated scanning devices have differing characteristics. For example, CDs 
25 are available, inter alia, as CD-A (CD-audio), CD-ROM (CD-read only memory) and CD-R 
(CD-recordable), and are designed to be scanned with a laser wavelength of about 785nm and 
a numerical aperture (NA) of 0.45. DVDs, on the other hand, are designed to be scanned at a 
laser wavelength in the region of 650nm, and Blu-Ray™ discs are designed to be scanned at 
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a laser wavelength in the region of 405nm. For reading DVDs and NA of 0.6 is generally 
used, whereas for writing DVDs and NA of 0.65 is generally required. 

A complicating factor is that discs designed to be read out at a certain 
wavelength are not always readable at another wavelength. An example is the CD-R in which 
special dyes are appUed in the recording stack in order to obtain a high signal modulation at 
785nm wavelength. At 650mn wavelength the modulation of the signal ftom the disc 
becomes so small due to the wavelength sensitivity of the dye that readout at this wavelength 
is not feasible. 

When introducing a new record carrier system with higher data capacities it is 
important that the new devices for reading and writing are backward compatible with the 
existing record carriers in order to obtain a hi^ acceptance level in the maAet. Therefore, 
the DVD system must contain a 785nm laser and a 650nm laser to be able to read all existing 
CD types. Similarly, a system capable of reading all of CD, DVD and Blu-Ray™ discs 
should contain a 785mn laser, a 650mn laser and a 405nm laser. 

Different types of record carrier also differ in the thickness of their transparent 
substrates, which typically act as a protective layer for the data carrying layer of the disc, and 
as a result the depth of the data layer from the entrance face of the record carrier varies from 
record carrier type to record carrier type. For example, the data layer depth for DVDs is about 
0.6mm, whereas the data layer depth for CDs is about 1.2mm. The spherical aberration 
incurred by the radiation beam traversing the protective layer is generally compensated in an 
objective lens of the optical scanning device. 

As a result of these different characteristics for different types of record 
carrier, problems can result if it is attempted to read data, for example, from a record carrier 
with an optical scanning device that has been optimized for another, different type of record 
carrier. For example, large amounts of spherical aberration and a non-negUgible amount of 
spherochromatism can be caused if one type of carrier medium is read with an objective lens 
that has been optimized for another. The device could be provided with three objective 
lenses, one for each wavelength. However, this solution would be relatively expensive. 

It is therefore highly prefCTable to provide a device which has a single optical 
objective lens for scanning a variety of different optical carrier mediums using different 
wavelengths of laser radiation. 

Intemational patent appUcation WO 02/082437 describes such an objective 
lens for use within an optical scanning device for reading data from three different types of 
record carrier. The lens has a phase structure which is arranged in the path of flie radiation 
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beam. This phase structure comprises a plurality of phase elements of different heights which 
when viewed in profile are arranged as a series of steps. The different heights of the phase 
elements are related and arranged so as to produce a desired wavefront modification of the 
radiation beam of a specific wavelength for reading a specific type of record carrier. 
5 Systems of the type described by WO 02/082437 provide a solution to the 

problan of scanning three different types of optical record carrier with the associated 
different wavelengths of radiation beam using one objective lens within the optical scanning 
device. However, the phase structures involved are often of a complex nature, the phase 
elements having a large range of different heigjits. Such phase structures can be difficult to 
10 design and manufacture to a level at which a high optical efficiency for each wavelength is 
achieved. Additionally they can be relatively expensive to manufacture. 

Various systems have been proposed in which a fluid system is used to 
provide an optical element with variable characteristics. 

US patent 5,973,852 describes a fluid fiUed variable power optical lens. The 
lens includes a housing having an optically transparent elastic membrane disposed over one 
end of a chamber which contains a fluid. A pump assembly is used for inserting or 
withdrawing fluid fiom the chamber, whereby the membrane is correspondingly selectively 
bulged outwardly or inwardly in the shape of a convex or concave lens. 
International patent appUcation WO 00/58763 describes an electrowetting based system 
20 whereby the curvature of a fluid meniscus between two different fluid bodies can be changed. 
It is proposed that the systan may be used as a variable lens. 

US patent 6,288,846 describes systems in which a fluid system can be 
switched between two different discrete states in order to provide different wavefiront 
modifications. A refiractive index difference of approximately zero is estabUshed between a 
25 fluid and a wavefiront modifier, when the system is in one of these states, in order to leave the 
radiation beam unchanged. In the other state of the system this refiractive index difference is 
of a sufficient value such that the path of the radiation beam is modified. A fluid-handling 
system is used to switch the fluid system. Examples of the fluid handling system include 
manually or motorized hypodermic syringes, peristaltic pumps, compressible bulbs, and 
30 piraoelectric, hydraulic or pneumatic actuators. 

US patent 6,408,1 12 describes an optical switch which includes a fluid system 
housed in channels and cavities within the component. Piezoelectric actuators, which are 
arranged in the cavities, cause the Uquid to be displaced in the channels. In one embodiment, 
the Uquid passes over the face of a wavefront modifier including a relief stiicture in the form 
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Of a Fresnel lens. In one embodiment, one of the two fluid components of the fluid system is 
a gas which is compressed when the Uquid is moved into place over the reUef structure. 
However, such a component requires an upright orientation to be maintained in order to 
prevent the gas from being located at &e part of the system containing the piezoelectric 
pump. It is also described that two suitable liquids may be used. However, one drawback is 
the reUabiUty of the switching process, particularly when a reUef structure is used, where 
fluid flow is not entirely smooth. Requiring smooth fluid flow during switching also limits 
the speed of switching. 

Summary of the firvention 

It is an object of the present invention to provide a switchable optical element, 
including a wavefront modifier, which can be switched in areHable and efficient manner 
betweai at least first and second discrete states. 

In accordance with the present invention there is provided a switchable optical 
element having a first discrete state and a different, second discrete state, the element 
comprising: 

a) a fluid system including a first fluid and a different, second fluid; 

b) a wavefixmt modifier having a face; and 

c) a fluid system switch for acting on the fluid system to switch between 

the first and second discrete states of the element, 

wherem, when the element is in the first discrete state, the face of the 
wavefront modifier is substantially covered by the first fluid, and 

when the element is in the second discrete state, the face of the wavefront 
modifier is substantially covered by the second fluid, 

characterized in that said fluid system switch comprises: 
a configuration of electrodes arranged to act on the fluid system by the 
application of electrowetting forces; and 

a voltage control system arranged to control voltages applied to the 
configuration of electrodes to switch between the first and second discrete states of the 
element. 

By use of the configuration of electrodes and its associated voltage control 
system to switch between the first and second discrete states by tiie appUcation of 
electrowetting forces, an improved fluid switching system is provided whereby tiie face of 
the wavefront modifier may be selectively covered by the different fluids. Electrowetting 
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forces may be used to alter the wettability of a surface arranged on or adjacent to the face of 
the wavefront modifier, thereby to provide an active repulsive or attractive force to the 
liquids respectively, thereby to ensure relatively fast and reUable switching. By switching the 
degree of wetting, removal of one fluid from, and positioning of the other fluid on, the face of 
5 the wavefront modifier, is facilitated. 

Preferably, the fluid system is arranged to move between the first and second 
slates in a circulatory manner. In this way, switohing can be achieved without the need for 
moving parts, evai when the two fluids comprise two different Uquids. 

The switchable optical element of the present invention can be included in an 
' • ■ appropriate optical scanning device for the scanning of fibcree different optical record carriers, 
each record carrier requiring use of a radiation beam with a different wavelength. The fece of 
the wavefront modifier for providing a predetermined wavefront modification can be formed 
of a simple structure which is easy and efficient to manufacture. 

The providing of different discrete states of the switchable optical element of 
1 5 the present invention in which different fluids, each having a different refractive index to 
each other, introduces an extra degree of freedom to design the wavefront modifier, in this 
case a phase structure, suitable for more than one wavelength of radiation beam. The 
wavefront modifier provides a predetennined wavefront modification in each discrete state to 
a radiation beam of a predetermined wavelength. A step height h of protrusions of the face of 
20 the wavefix>nt modifier made of a material having a refiractive index n at wavelength X of a 
given radiation beam, where the refractive index of the fluid covering the face of the 
wavefront modifier is ns, is given by 

^^i^tkLiibl (1) 

Consequently, when the wavelength of the given radiation beam changes the wavefront 
25 modification performed by the protrusions of the wavefront modifier face changes. 

Furthermore, when changing the refractive index Us by changmg the fluid covering the face 
of the wavefiont modifier, a change in the wavefront modification performed by the face of 
the wavefront modifier is generated. It is therefore possible to simply provide different 
desired wavefront modifications to radiation beams having different wavelengths specific to 
30 the type of record carrier being read. 

Further features and advantages of flie present invention will become apparent 
from the following description of preferred embodiments of the invention, given by way of 
example only, made with reference to the accompanying drawings. 
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Brief Description of the Drawings 

Figures 1 and 2 show schematic cross-sectional diagrams, along lines A— A 
and B~B respectively, of a switchable optical element in accordance with one embodiment 
of the present invention, when in a first discrete state; 

Figures 3 and 4 show schematic cross-sections, along lines C — C and D — D 
respectively, of the switchable optical element of Figures 1 and 2, when in a second discrete 
state; 

Figure 5 shows a schematic diagram of an optical scanning device including a 
switchable optical element in accordance with one embodiment of the present invention; 

Figures 6, 7 and 8 schematically show height profiles of different wavefiront 
modifiers and a wavefiront modification being approximated in accordance with different 
embodiments of the present invention; 

Figures 9 and 10 show schematic cross-sections, along lines E— E and F — F 
respectively, of a switchable optical element according to a finrther embodiment of the 
invention, when in a first discrete state; 

Figures 1 1 and 12 show schematic cross-sections, along lines G— G and F — F 
respectively, of the switchable optical element shown in Figures 9 and 10, when in a second 
discrete state; 

Figures 13 and 14 show schematic height profiles of a wavefix)nt modifier and 
a wavefix)nt modification being approxunated for each radiation beam in accordance with 
different embodimeats of the present invention; and 

Figures 15 to 18 show schematic cross-sections of a switchable optical 
element in accordance with a fiulher embodiment of the present invention, when arranged in 
four different discrete states. 

Detailed Description of Preferred Embodiments 

Referring to Figures 1 to 4, one embodiment of switchable optical element in 
accordance with tiie present invention includes a chamber 20, fluidly connected via two 
openings 22, 23 of the chamber to a conduit 24 havmg two opposite ends. The first opening 

22 of the chamber is fluidly connected to the first end of the conduit and the second opening 

23 of the chamber is fluidly connected to the second end of the conduit so as to form a fluid- 
tight enclosure for a fluid system. One side of the chamber 20 is enclosed by a wavefiront 
modifier 26 and has a face 28 exposed to the mterior of the chamber 20. The wavefiront 
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modifier is formed from a transparent material, for example polycarbonate. The face 28 of 
the wavefront modifier comprises a soUd reUef structure in the form of protrusions 30 which 
form a series of spaced linear ridges lying parallel each other across the surface of the face of 
the waveftont modifier 28. The arrangement of protrusions 30 of the face of the wavefront 
5 modifier 28 in this embodiment form a linear optical diffraction grating. Figures 1 to 4 show 
the grating schematically, with the protrusions 30 having an equal height. However, the 
profrusions maybe of different heists to each other. Also, the size of the protrusions is 
exaggerated; in preferred embodiments the heights of the protrusions are of the order of l/xm. 
Furthermore, as wUl be understood from the description below, ckcular concentric diffraction 
10 gratings and non-periodic phase structures may also be provided, in which the protrusions are 
annular or at least form annular sections. 

The chamber 20 is ftirther enclosed by a cover plate 36, which is a planar 
element formed from a transparent material, for example polycarbonate. The cover plate 36 is 
covered m a hydrophobic fluid contact layer 32, which is transparent and formed for example 
15 of Teflon™ AF1600 produced by DuPont™. One surface of this hydrophobic fluid contact 
layer 32 is exposed to the mterior of the chamber 20. A first electrowetting electrode 34 Ues 
between the cover plate 36 and the hydrophobic fluid contact layer 32. This first 
electrowetting electrode 34 is formed as a sheet of a transparent electrically conducting 
material, for example indium tin oxide (TTO). An insulating layer (not shown), formed for 
20 example of parylene, may be formed between the fluid contact layer 32 and the first 

electrowetting electrode 34. It is to be noted that the first electrowetting electix)de 34 has an 
operative area which completely overlies with the area occupied by the series of ridges 30 of 
the face 28 of the wavefront modifier. The hydrophobic fluid contact layer 32 has a surface 
area which completely overlaps the series of ridges 30 of the face 28 of the wavefront 
25 modifier. 

The conduit 24 is formed between conduit waUs 41 and a cover plate 40. The 
cover plate is covered by a hydrophobic fluid contact layer 38 exposed on one surface to the 
interior of the conduit 24, tiie hydrophobic fluid contact layer being formed for example of 
AF1600™. A second electrowetting electrode 40 lies between the cover plate 42 and the 
30 hydrophobic fluid contact layer 38. This electrode is formed from an electrically conductive 
material, for example indium tin oxide (TTO). It is to be noted that the second electrowetting 
electrode 40 has a surface area which overl^s with most of the interior of tiie conduit 24. 

The enclosed fluid system comprises a first fluid 44 and a second fluid 46. The 
first fluid 44 comprises an aqueous electiically conductive fluid, for example salted water. 
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having a predetennined refractive index. The second flmd comprises an oil based electricaUy 
insulative fluid, for example siUcone oil. In this embodiment of the present invention, the 
first fluid 44 and the second fluid 46 are both Uquids. The first fluid 44 and the second fluid 
46 lie in contact with each other at two fluid menisci 48, 49. 

In a first discrete stete of the switchable optical element, as illustrated by 
Figures 1 and 2, the first fluid 44 substantially fills the chamber 20 and a portion of the 
conduit 24. By substantially filling, it is meant that the first fluid lies in contact with at least 
most of tiie protrusions 30 of the face of the wavefijont modifier 28. In this state, the first 
fluid lies in contact with at least most of the exposed surfece of the hydrophobic fluid contact 
layer 32 in the chamber. Additionally, there is a common, third electrode 50 formed for 
example from a metal, located in the conduit 24 near to one opening 22 of the chamber, 
which Ues in contact with the portion of tiie conduit filled by the first fluid 44 in both states. 
In the first discrete state of the element, the second fluid 46 substantially fills the conduit 24 
except for the portion filled by the first fluid 44 which is in contact witii tiie common, third 
electrode 50. 

In a second discrete state of the switchable optical element, as illustirated by 
Figures 3 and 4, the first fluid 44 substantiaUy fills the conduit 24. In this second discrete 
state the first fluid 44 continues to lie in contact with the common third electrowetting 
electxjde 50 located in the previously described portion of tiie conduit. The first fluid 44 now 
lies in contact with tiie hydrophobic fluid contact layer 38 of the conduit. The second fluid 46 
now substantially fills tiie chamber 20 such that tiie second fluid 46 lies in contact witii tiie 
protrusions 30 of tiie face of tiie wavefixjnt modifier 28 and the exposed surface of 
hydrophobic fluid contact layer 32 of the chamber. Additionally a portion of the conduit 24 is 
filled by the second fluid 46. This portion of tiie conduit 24 is at tiie opposite end to tiie 
portion in which the common, third electrode 50 is located. 

The first, second and tiiird electrodes 34, 40 and 50 form a configuration of 
electi-owetting electrodes which together with a voltage contirol system (not shown) form a 
fluid system switch. This fluid system switch acts upon tiie described fluid system 
comprising the first and second fluids 44, 46, in order to switch between the described first 
and second discrete states of tiie switchable optical element. In tiie first discrete state of tiie 
element an applied voltage Vi of an appropriate value is applied across tiie first 
electrowetting electrode 34 and tiie common, tiiird electiwde 50. The applied voltage Vi 
provides an electrowetting force such tiiat the switchable optical element of tiie present 
mvention tends to adopt tiie first discrete state wherein the electiically conductive first fluid 
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44, moves to substantiaUy fill the chamber 20. As a result of the applied voltage Vi, the 
hydrophobic fluid contact layer 32 of the chamber 20 temporarily becomes at least relatively 
hydrophiUc in nature, thus aiding the preference of the first fluid 44 to substantially fill the 
chamber 20. It is envisaged that whilst in the first discrete state, no voltage is appUed across 
5 the second electrowetting electrode 40 and the common, third electrode 50. such that the fluid 
contact layer in the conduit remains relatively highly hydrophobic. 

In order to switch between the first discrete state and the second discrete state 
of the switchable optical element, the voltage control system of the fluid system switch 
switches off the appUed voltage Vi and ^Ues a second appUed voltage V2 of an appropriate 
10 value across the second electrowetting electrode 40 and the common, third electrode 50. 
Additionally, it is envisaged that the voltage V, ^pUed across the first electrowetting 
electrode 34 and the common, third electrode 50 is switched off so that no voltage is appUed 
across the first electrowetting electrode 34 and the common, third electrode 50. 

The switchable optical element now lies in the second discrete state, in which 
15 the first fluid 44 substantially fills the conduit 24 as a result of electrowetting forces provided 
by the appUed voltage V2. With the appUed voltage V2 the hydrophobic fluid contact layer 38 
of the conduit 24 is now at least relatively hydrophiUc and tends to attract the first fluid 44. 
The first fluid 44 moves to fill the portion of the conduit 24 in which the common third 
electrode 50 is located. As earUer described, the second fluid 46 now substantiaUy fiUs the 
20 chamber 20. The hydrophobic fluid contact layer 32 of the chamber 20 is now relatively 
highly hydrophobic and aids this arranging of the second fluid in the second discrete state. 

During the transition between the first and the second discrete states of the 
element, as controlled by the fluid system switch, the first and second fluids 44, 46 of the 
fluid system flow in a circulatory manner through flie fluid system, each of the fluids 
25 displacing each other. In this circulatory fluid flow during the transition firom the first to the 
second discrete state, the first fluid 44 passes out of the chamber 20 into one end of the 
conduit 24 via one opening 22 of the chamber. Simultaneously the second fluid 46 passes 
ftom the other end of the conduit 24 into the chamber 20 via the other opening 23 of the 
chamber. During the transition, from the second to the first discrete state, an opposite 

30 circulatory fluid flow occurs. 

Thus, when changing from the first discrete state to the second discrete state, 
the appUed voltage V2 across the second electrowetting electrode 40 and the common, thhrd 
electrode 50 attracts the electrically conductive first fluid 44 into the chamber 20, thus 
displacing the electrically insulative second fluid 46 out of the chamber 20. Additionally, the 
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hydrophobic fluid contact layer 32 of the chamber 20 repels the electrically conductive first 
fluid 44 out of the chamber 20 into the conduit 24. The transition firom the second to the first 
discrete state is the reverse of the transition firom the first to the second transition state in 
these terms. 

5 Figure 5 schematically illustrates an optical scanning device for scanning an 

information layer of an optical record carrier, m this example a disc. The optical scanning 
device includes a switchable optical element in accordance with an embodiment of the 
present mvention, similar to that described above with reference to Figures 1 to 4. 

An optical record carrier 1 comprises a transparent layer 2, on one side of 
10 which at least one information layer 3 is arranged. The carrier may comprise a plurahty of 
information layers arranged at different depths within the side of the information layer facing 
away firom the transparent layer is protected from environmental influaices by a protection 
layer 4. The side of the transparent layer facing the device is the disc entrance face 5. The 
transparent layer 2 acts as a substrate for tiie optical disc by providing mechanical support for 
15 the information layer or layers. Alternatively, the transparent layer 2 may have the sole 

fimction of protecting the information layer 3, while tiie mechanical support is provided by a 
layer on the other side of the information layer, for instance by the protection layer 4 or by a 
finther information layer and transparent layer connected to the uppermost information layer. 

Information may be stored in the information layer 3, or information layers, of 
20 the optical disc in the form of optically detectable marks arranged in substantially parallel, 
concentric or spiral tracks, not indicated in Figure 1 . The marks may be in any optically 
readable form, e.g. in the form of pits, or areas witii a reflection coefficient or a direction of . 
magnetization different from their surroundings, or a combination of these forms. 

The scaiming device includes a radiation source system 6, comprising a 
25 tunable semiconductor laser or three separate semiconductor lasers. A radiation beam 7 of a 
first, second or third predetermined wavelength is emitted. The first, second and third 
predetermined wavelengths of the radiation beam correspond to a different type of optical 
record carrier 1 being scanned by the optical scanning device. As an example, the first 
predetermined wavelength \ is 405nm, correspondmg to a Blu-Ray"™ disc, the second 
30 wavelength >a is 650nm for scanning a DVD and the third wavelength >^ is 785nm, 

corresponding to a CD. The radiation beam of the predetermined wavelength is divergent and 
emitted towards a lens system. The lens system includes a collimator lens 8, a switchable 
optical element 9 in accordance with the present invention and an objective lens 10 arranged 
along an optical axis 1 1 . The collimator lens 8 transforms the diverging radiation beam 7 of a 
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predetermined wavelength emitted from the radiation source system 6 into a substantially 
coUimatedbeam 12. The switchable optical element 9 of the present invention, described in 
further detail below, modifies a wavefront of the collimated radiation beam 12, the wavefront 
modification being specific to the type of record carrier being read. The objective lens 10 
5 transforms the incident wavefront modified radiation beam 15 into a converging beam 13, 
bAving a selected numerical aperture (NA). whidi comes to a focal spot 14 on the 
infoimation layer 3. A detection system 16, a second collimator lens 17 and a beam spUtter 
1 8 are provided in order to detect in the infoimation carrying radiation beam 19 data signals, 
and control signals including focus enor signals which are used to mechanically adjust the 

■ axial position of the objective lens 10. 

The face of the wavefront modifier of the switchable optical element 9 is of a 
precise design and construction such that a predetermined wavefiwnt modification is appUed 
to a collimated radiation beam 12 of a specific wavelength, which is specific to the type of 
record carrier bemg scanned, when the element is in a selected one of its discrete states. 
15 Detailed descriptions now follow of furtlier embodiments of the switchable optical element. 

In one embodiment of the present invention the protiisions of the face of the 
wavefiont modifier form a circular diffraction grating. The wavefiront modifier is formed of a 
polycarbonate material having a refractive index of n=1.6, tiie first fluid is salted water with a 
refractive index of n^ter=1.350 and the second fluid is silicone oil witii a refiractive index of 
20 noii=1.393. 

The foUowing exan^le illustrates the design of a diffraction grating selecting 
zero order diffraction for the Xi radiation beam, and first order diffraction for the )va and )^ 
radiation beams. The protrusions of the wavefront modifier are annular and form a series of 
zones of equal widtii when viewed as a radial profile of the face of the wavefiont modifier. 

25 Each zone includes a number of radial subzones. The arrangement of subzones in each zone 
is similar, such that the steps form a regularly repeating phase structure. The height of each 
step is chosen such that they introduce a phase change (O) which is an integer multiple of 2ir 
for the Xi radiation beam, so as to introduce a flat wavefront modification. The appropriate 
heights of the steps, for tiie h radiation beam to undergo a phase change of 2ir, depend on the 

30 discrete state of tiie switchable optical element selected for use. The basic unit of height for 
tiie first discrete state, in which tiie fece of tiie wavefront modifier is covered witii tiie first 
fluid, is: 

h:^= ^ =1.620/im (2) 
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and for the second discrete state, in which the face is covered with the second fluid, is: 
=~A_=i.957jrai (3) 



Table I tabulates the basic units of step height giving rise to a phase change of 27r for each of 
5 the Xi, and Xa radiation beams. Table H tabulates the phase change (O) introduced by a 
step height of h"'405 ociT'^AOs (1.620Min) for the Xj and Xa radiation beams in each of the first 
and second discrete states respectively. 



Table I 



10 



15 



20 



Wavelength (nm) 


h°" Own) 




Xi=405 


1.957 


1.620 


Xi = 650 


3.140 


2.600 


X3 = 785 


3.792 


3.140 



Table n 





a)(Xi,oil)/2ir 


0(Xa, water)/2ir 


0(X3, oil)/27r 


0(>g, water)/2T 


h 405 


0.623 


0.753 


0.516 


0.623 


i- water 
h 405 


0.516 


0.623 


0.427 


0.516 



From these tables it can be seen that when the same discrete state of the 
element is used for each radiation beam, phase changes of the X3 radiation beam are 
approximately x Consequently, in that case only two substantially different phase change 
steps for the X3 radiation beam are possible, making the design of a relatively sunple grating, 
giving rise to high efficiency in the first order diffraction, difficult. However, when different 
discrete states of the element are used for the three radiation beams, such a design is possible. 
Consider the case where for both the Xj and Xi radiation beams the element is used in the 
second discrete state, and for the X3 radiation beam the element is used in the first discrete 

state. ^ 

Table HI tabulates the phase changes introduced by step heights of mh" 405, m 

being a step height integer, for the Xz and X3 radiation beams, when the element is used in the 
different discrete states as described. 



25 



wo 2004/027490 PCT/ro2003/004030 

13 

Table m 



m 


Q>(\2, oil)/27rmod 1 


0(X3, water)/27rmoa 1 


1 


0.623 


0.623 


2 


0.246 


0.246 


3 


0.869 


0.869 


4 




0.492 


5 


0.115 


0.115 


6 


0.738 


0.738 


7 


0.361 


0.361 


8 


0.984 


0.984 



Table m shows that the phase changes introduced for both the X2 and X3 
radiation beams are approximately the same. There are therefore eight different step heights 
5 which may all be used to introduce a similar wavefiront modification into the >2 and )^ 
radiation beams. 

A diffraction grating structure, for example of a Damman type, can be 
designed selecting zeroth order diffraction for the \ radiation beam and approximating a 
sawtooth-type blazed diffraction grating for the and )^ radiation beams. Since witii the 
10 construction described by Table m the phase changes introduced for the Xi and radiation 
beams are approximately the same, it is possible to design a diffraction grating stiructure 
selecting first order diffraction for both the and radiation beams. 

Table IV sets out the profile of a diffraction grating zone, having four radial 
subzones, showmg a high efficiency for both the Xa and )^ radiation beams. 

15 

Table IV 



Subzone 


m 


0(>c, oil)/2irmod 1 


OCXs, water)/2irmod 1 


0.00-0.25 


5 


0.115 


0.115 


0.25-0.50 


7 


0.361 


0.361 


0.50-0.75 


1 


0.623 


0.623 


0.75-1.00 


3 


0.869 


0.869 


Efficiency 




81.0% 


81.0% 
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Figure 6, not to scale, shows a profile of one zone of the diffraction gratmg of 
the embodiment of the present invention detailed in Table IV. In this embodiment the 
protrusions of the face of the wavefront modifier are concentric steps arranged radially and 
spaced m radial zones arranged about the optical axis of the element. The resultant wavefiront 
modification has a stepped profile which approximates a blazed grating sawtooth profile 52 
for both tiie and >^ radiation beams. At the center of each step in the profile, the phase 
modification is equal to the value on the sawtooth profile 52 at that location, ffigh 
efficiencies are achieved for each of the X,, >a and radiation beams by usmg the first 
discrete state of the element, in which the face of the wavefixmt modifier is covered with the 
first fluid, for the radiation beam 7^, and the second discrete state, in which the face of the 
wavefront modifier is covered with the second fluid, for the Xi and radiation beams. 

Table V gives details of a fiirther embodiment of the present mvention which 
includes a diffraction grating employing 6 subzones in which the efficiencies for each of the 
Xi, Xj and Xa radiation beams are even higher. 



Subzone 


m 


0(X2, oiiyiirmod 1 


0(X3, water)/27rmod 1 


0.0000-0.1667 


5 


0.115 


0.115 


0.1667-0.3333 


2 


0.246 


0.246 


0.3333-0.5000 


4 


0.492 


0.492 


0.5000-0.6667 


1 


0.623 


0.623 


0.6667-0.8333 


6 


0.378 


0.738 


0.8333-1.0000 


8 


0.984 


0.984 


Efficiency 




87.4% 


87.4% 



Figure 7, not to scale, shows a profile of one zone of the diffraction gratmg of 
this fiirther embodhnent of the present invention. In a similar manner to the previous 
embodiment, the protrusions of the face of the wavefront modifier are concentric steps 
arranged radially and spaced in radial zones arrayed about the optical axis of the element. 
The resultant wavefront modification has a stepped profile which approximates a blazed 
grating sawtooth profile 54 for the Xi radiation beam when the element is in the second 
discrete state and for the X3 radiation beam when the element is in the first discrete state. At 
the center of each step of the profile, the phase modification is equal to the value on the 
sawtoofli profile 54 at that location. 
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Further possible embodiments of the present invention wherein the protrusions 
of the face of the wavefront modifier form a diffraction grating are envisaged. These are 
arranged according to the general design considerations set out below. 

In these embodiments abasic unit of step height h introduces a phase change 
of 0 or an integral multiple of 2ir to a radiation beam of a wavelength \ and the same, or at 
least a similar, phase change for the other two radiation beams of wavelengths >b and >«. Let 
n, be the refractive index of the first fluid covering the fece of the wavefix>nt modifier in the 
first discrete state, nb be the refractive index of the second fluid covering the face of the 
wavefront modifier in tiie second discrete state and n be the refractive index of the wavefront 
modifier. In order that a step height h introduces at least approximately the same phase 
change for the two radiation beams of wavelength \ and \: 

K ^ K _ (4) 
n-n„ n-rif, 

From Ms it follows that Ub is substantially equal to (preferably within 0.05. 
more prefaably within 0.025): 

Figure 8 shows, not to scale, a profile of the diffraction grating in accordance 
with a further embodiment of tiie present invention. In a similar fashion to tbe previous 
embodiment, the stepped protrusions of the fece of the wavefront modifier ate concentric 
steps arranged radially and spaced in radial zones arranged about the optical axis as detailed 
by Table VI. In this embodiment the refractive index of the second fluid matches the 
refractive index of the material from which the wavefront modifier is formed. For example 
the wavefront modifier material, for example a cycUc olefin copolymer (COC) has a 
refractive index of n=1.535, tiie first fluid, for example salted water, has a refractive index of 
n^^l.350 and the second fluid, for example oil, has a refractive index of n=1.535. The face 
of the wavefront modifier is covered with the second fluid for Xi and and the face is 
covered by tiie first fluid for V The binary steps of the diffraction grating of the face of the 
wavefront modifier are therefore invisible for X, and X. radiation beams, and intioduce a flat 
wavefront modification. The wavefront modification for tiie >^ radiation beam has a stepped 
profile which approximates ablazed grating sawtootii profile 56 when tiie face of tiie 
) wavefront modifier is covered by tiie first fluid. At tiie center of each step of tiie profile, tiie 
phase modification is equal to tiie value on flie sawtootii profile 56 at tiiat location. 
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Table VI 



Subzone 




q)(A3, waterj/zirmoa i 


0.00-0.25 




0.125 


0.25-0.50 


1.591 


0.375 


0.50-0.75 


2.652 


0.625 


0.75-1.00 


3.713 


0.875 


Efficiency 


81.1% 


81.1% 



Figures 9 to 12 schematically show a further embodiment of switchable optical 
element of the present invention, suitable for including in the optical scanning device as 

5 described earUer with reference to Figure 5. Many features of this embodiment of the present 
invention are similar to features of the previous embodiment of the present invention 
described using Figures 1 to 4. These features are referenced herein with the same reference 
numerals, each numeral being incremented by 100, and previous descriptions of these 
clients should be taken to apply here. 

IQ In a similar manner to the earUer embodunent described using Figures 2 to 5, 

the fece 57 of the wavefront modifier comprises protrusions 58 which in this embodiment 
form a series of concentric circular steps arranged about a centrepoint 59 lying at a radius of 
zero of the face 57. When viewed in cross-sectional profile, as shown in Figures 10 and 12, 
the protrusions 58 are steps arranged in a non-periodic structure (NFS), in that from the 

15 centrepoint 59 the protrusions are arranged in the radial direction such that the protrusions are 
not of a regularly repeating pattern spacing. Figures 10 and 12 show an NFS schematically, 
with the protrusions 58 having an equal height. However, generally the protrusions wiU be of 
different heights to each other, with the heights of each protrusion being related by a common 
basic unit of step height. Also, the heights of the protrusions are exaggerated; in preferred 

20 embodiments the heights are of the order of Ifon and the distances between the protrusions 

are of the order of lOOjum. 

In a similar manner to the previous embodiment of the present invention 
described using Figures 1 to 4, the switchable optical element is switchable between two 
discrete states, in which the first fluid 144 and the second fluid 146 are differently arranged. 
25 hi the first discrete state, shown in Figures 9 and 10, an appUed voltage V3 is appUed across 
the first electrowetting electrode 134 and the common, third electrode 150. The value of this 
appUed voltage V3 is chosen to be of a value appropriate to cause switching of the element 
from the second discrete state to the first discrete state. No voltage is applied across the 
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second electrowetting electrode 140 and the common, third electrode 150. In the second 
discrete state of this embodiment of the switchable optical element, shown by Figures 11 and 
12. an appHed voltage V4 is appUed across the second electrowetting electrode 140 and the 
common, third electrode 150. The value of this appUed voltage V4 is chosen to be of a value 
appropriate to cause switching of the element ftom the first discrete state to the second 
(Jjscfete state. No voltage is appUed across the first electrowetting electrode 134 and the 

common, third electrode 150. 

A description now fbUows of fiirther embodiments of the switchable optical 
element, in which the face of the wavefirant modifier is of a non-periodic phase structure 
(NPS). The specific structure of the fiice of the wavefiwnt modifier in each of the fiirfher 
embodiments to be described corresponds to a different desired predetermined wavefiont 
modification on a plurahty of radiation beams of different predetermined wavelengths, each 
modification being specific to a different type of record carrier being scanned. 

In a further embodiment of the present invention in which the switchable 
optical element includes an NPS, the wavefiront modifier is formed of a polycarbonate 
material having a refractive index of n=l .6, the first fluid is salted water with a refractive 
index of 1.350 and the second fluid is silicone oil with a refractive index of 1.4. Three 
different radiation beams are used aU of different wavelengths Xi=405nm. }ya=650nm and 
X3=785nm. 

The following example illustrates the design of an NPS providing a flat 
wavefront modification for the \ and radiation beams and providing an approximately 
spherical aberration wavefront modification for the >^ radiation beam. The protrusions on the 
fece of the wavefront modifier are shaped as steps such that they introduce a phase change of 
2ir, or an integer multiple thereof, for the X, radiation beam. The basic unit of height of the 
steps of the NPS, for the X, radiation beam to undergo a phase change ofZir. depends on the 
discrete state of the element selected for use. The basic unit of height for the first discrete 
state, in which the face of the wavefront modifier is covered by the first fluid, is: 

« — i — =1.620Min (6) 

» -"miter 

and for the second discrete state, in which the face is covered by the second fluid, is: 
) ht,^— ^2.025 Mm (7) 
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TableWtabulates the step heists givingrisetoaphasecl^geof2.for each 

radiation beams. Table Vni tabulates the phase change (O) introduced 
h»»405 (2.0151^) or h--4os (1.620Mm) for the X, and X3 radiation beams m each of the first 
and second discrete states respectively. 




10 



15 



20 



S VJJJ. 


<D(X2, oil)/2T 


0(X2, water)/2ir 


a>(X3, oil)/2ir 


^(Xa, water)/2ir 


"TTbll 
n 405 


0.623 
"0498 


0.779 
0.623 


0.516 1 
"0413 


0.645 
"0516 



Fiom these tables it cm be seen that when the same discrete state of the 
ele-nottisusedfor each, phase change j^^softheMradiaticnbeam are app—^^^^ 
Consequently.infha.caseo,dy two significantly dififc,«.tphaseehanges for the A, rad^^^^ 

bean, are possible, nrddng the design of a relatively smtple KPS. giving rise to an at l«.s. 
approximatelysphericalwav.ftontmodific«ionfora«X3radiationbeam.d.fficnlt 

However, when differ^tt discete states of the element are ^ for the fl^ree r^tatton beams. 
s»=h a design is possible. Consider the ease where for the radiation beam fl» element is 
used in the firs, discrete state, and for both the Xa and radiation b«™ the element » «s»i 

in the second discrete state. <._,,«««r 

Table DC tabnlates the phase changes mtroduced by step heights of mh *». 
mbeingastep heigh, infoger. for the and >,radiaaonbeams.whentheelementisnsedm 

the second discrete state. 
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m 


d>rXi oilV2irDiod 1 


0(\3, oil)/2Trmod I 


1 




0.413 


2 


0 Q96 


0.826 


3 




0.239 


4 


n 009 


0.652 


5 




0.065 


6 


0 088 


0.478 


7 


0.486 


0.891 


8 


0.984 


0.304 


9 


0.482 


0.717 


10 


0.980 


0.130 


"u 


" 0.478 ~ 


' 0.543 


12 


0.976 


0.956 



10 



T Ale K shows that the chmges introducM tor the an^ 

beams, for eve« values of m. are app«.rima.ely the san«. ll^re are fl^refore six diff«nea. 
step heights whichm.ybemed«,i.*oduceasinilarwaveih»^n«Kimoationmto 

X2 radiation beams. 

Table X gives the heights andwidftsof slq» of an NPShavmg five radial 
zones ftomaradialcentrepom.oftoNPS.I«theseeonddiscrete state. theNPSproduees an 

approximately Hat waveftont modifieation for the radiationbeam and ^ximates 
waveftont modification inotading both defbous and spherieal aberration for the radiatton 

beam. 



Table X . 




Zones [mm] 


hljon] 


m 


0(>a,pe) 


^(X3,Pe) 


0.00-0.40 


19.440 


12 


-0.1508 


-0.276 


0.40-0.59 


16.200 


10 1 


-0.1257 


0.817 


0.59-1.10 


12.960 


8 


-0.1005 


1.910 


1.10-1.20 


16.200 


10 


-0.1257 


0.817 


1.20-1.26 


19.440 


12 


I -0.1508 


-0.276 
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Figure 13, not to scale, shows a profile of the NPS detailed in Table X and 
shows the relative heightsofthel^S steps, wMch vary accordmg to the radial distance fi^^ 

the optical axis of the element (zero radius). Additionally shown is the resultant 

approximately flat wavefront modification 60 of the radiation beam and the resultant 

wavefiont modification has a stuped profile approximating a defocus combined with 

spherical aberration profile 62 of the h radiation beam, both wavefiront modifications bemg 

performed with the element in the second discrete state. At the center of each step of the 

profile, the phase modification is equal to the value on the profile 62 at that location. 

Due to the extra design freedom introduced by being able to arrange the 

element in different discrete states a simple NPS can be designed having only relatively small 

height differences between individual steps of theNPS phase structure, thus makmgthe 

manufacturing process of the face of tiie wavefront modifier significantly easier. 

m a fiirther embodiment of the present invention in which the switchable 

optical element includes an NPS, the wavefront modifier is formed of a polycarbonate 
materialhavmgarefractiveindexofn=1.6,thefirstfluid is salted water havingarefrachve 

index of n=1.344 and the second fluid is siUcone oil having a refractive index of n-1.393. hi 
this example, three radiation beams are used, with wavelengths X,=405mn, >^=650mn and 

X3=785nm. . 

The basic unit of height of the steps of the NPS, for the Xt radiation beam to 

undergo a phase change of 2ic, depends on the discrete state of the element selected for use. 
The basic unit of height for the first discr^e state, in which the fece of flie wavefront 
modifier is covered by the first fluid, is: 

= — h — =l.582^im 
and for the second discrete state, in which the face is covered by the second fluid, is: 
h^=-^ 1.957 laa (9) 



'»405 



Table XI tabulates the step heights giving rise to a phase change of 2t for each 
discrete state. Table XH tabulates the phase change m introduced by a step of h°"405 
(1 .957Mm) or h*^405 (1 .582Mm) for the Xa and radiation beams is given. 
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Table XI 

Wavelength (nm) 




Table Xn 



0(X2, oil)/2ir 
0.623 



^(h, water)/2'jr 
0.771 




0(X3, oil)/27r 
0.516 



0(^3, water)/2ir 
0639" 



Framthese,ablesi.canbes=enfta,whentteelc«,e».isinfl»»medisa«e 

^„n b«m are appro« Wentty. in fl>at case on>y s.gn^oa«tly 
l^^chans«a,e^Me.™«ng*edesis.ofasi.p.eNPS.v.ng^^^ 

least apIxima«lysph«icalv™veih„«modmca«on for *e^erad«ttonbea^wd«^^^ 

10 ^r^*e"™e..is«seai.ai«^disore.s..esfor«.tbreer^^^^^ 

bea^s the element is^infl^seeo™idUcre..s«ea.dfcrflreX,r.ara«onbea»«.. 

element is used in the first discrote state. , „,^ 

Table xm tabuWes the phase changes introduc^l by step heights of mteger 

,5 „^«Vfor,he>.and^,radia.ionbeams.mbeingastephci^in.eger.when«heclem«..s 
used in the different discrete states as described. 
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Table Xin 



m I 


a)(>^, oil)/2irmod 1 


d)fXi watery2irmod 1 




0.377 


0.361 


0 1 


0.000 


0.000 


1 1 


0.623 


0.639 


"2 ~ 


0.246 


0 278 


~3 ' 


0.869 


0.917 


4 


, 0.492 


0 556 


5 


rails 


0.195 


6 


0.738 


0.834 


1 


1 0.361 


0.473 


8 


0.984 


0.112 


0 


0.607 


0.751 



; diows Aat the phase Aanges introduced for the ^ and >« radiation 
be«m are appoximately the same. The v«iom step heights provide at least eight 



Table Xm I 



significantly diffeenl phase change I 

Table XIV below gives details of an NPS having 23 radial zones providmg a 
waveftont modification whichapproximatesbothdefbeus and sphedealaberrationferboth 

the >\2 and ^3 radiation beams. 
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Table XIV 




Figure 14. not to scale, shows a profile of the NPS detailed in Table XIV and 
shows the relative heights of the NPS steps, which vary according to the radial distance fiom 
the optical axisoftheelementCzero radius). For botii the >^ and Xaradiationbean.. the 
resultant wavefront modification hasastepped profile each approxunatingadifferentdefocus 
combined with spherical aberration profile64, 66 withthe element inthesea,nd discrete 

state for X. and in the first discrete state for X3. At the center of each step of the profile, the 
phase modification is equal to the value on the respective profile 64. 66 at that location. It 
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Should be noted that at radial zones further ftom the center of the NPS. the different 
waveftont modifications for both the and Xaradiationbeams tend to merge suchthat they 

are approximately the same. 

Further possible embodunents of switchable NPS are envisaged. These are 

arranged according to the general design considerations set out below. 

m these embodiments a basic unit of step height h introduces a phase change 
of 0 or anintegral multiple of 2,r for a radiation beam of a wavelength \ and the same, or at 

least similar, phase change for the other two radiation beams with wavelengths and Xe. Let 
n be the refractive index ofthe fluid covering the feceofthewavefirontmodifier in the first 

discrete stateofthe element, n. be the refractive index ofthe fluid covering the faceofthe 

wavefront modifier in the second discrete state andnbe the refractive index ofihe wavefront 

modifier, hi order that a step height h introduces at least approximately the same phase 
change for the two radiation beams of wavelength >b and \: 

n-n„ n-n^ 

From this it follows that n. is substantially equal to (preferably within 0.05, 
more preferably within 0.025): 

«,=«+J-(«<.-«) 

Figures 15, 16, 17 and 18 show a fiirther embodiment of the present invention 
when in first, second, third and fourth discrete states respectively. Each of Figures 15 to 18 is 
aschematicsideviewcross-sections.Elementsofthisembodimentofthepresentm^^^^^ 
are similar to features of previous embodiments of the present invention as illustr^ 
Figures 1 to 4 and Figures 9 to 12. These elements are therefore referenced herem by the 
same numerals, mcremented by 200, and previous descriptions shouldbe taken to apply here 

hi addition to the face 228 of the wavefront modifier 226, the wavefront 
modifier 226 of this embodiment of the present invention has a second fece 68. Similarly to 
Ihe first fece of the wavefront modifier 228 the second face 68 of the wavefront modifier 
comprises a solid reUef structure comprismg protrusions 70. When viewed in profile, these 
protrusions 70 are arranged across the surface of the second face 68 of the wavefront 
modifier. The protrusions 70 in this embodhnent are steps which form a series of concentnc 
and circular steps arranged about a centrepomt of the face 68 of the wavefront modifier, the 
widths of the steps being different to each other. This arrangement of protrusions forms an 
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NPS in a sindlar mamer to the previous embodiment described nsing Figures 9 to 12. 
Alternatively the protrusions 70 can form a diffiaction grating, in a similar manner to an 
embodiment of the present mvention described above. 

As described for previous embodiments of the present invention, the 

arrangement of protrusions 70 is designed to perform a predetermined wavefront 
modificationuponagivenradiationbeamofaspecific wavelength and inaselected discrete 

State of the element. 

The second face 68 of flie waveftont modifier 226 is exposed to the mtenor of 

a second chamber 72 of a shnilar construction to the first chamber 220. It includes a 
transparent cover pUte 78 covered by a hydrophobic fiuid contact layer 74, whxch xs 
preferably transparent and formed of AP1600-*, one surface of which is exposed to the 
interiorofthe second chamber 72.Lymgbetween the coverplate 78 and thehydrophobxc 

fluid contact layer 74isafourthelectrowetting electrode 76. This fourth electrow^^ 

electrode 76 is preferably formed of a transparent electrically conducting matenal. for 
example indium tin oxide (ITO). Similarly to previous embodiments ofthe present inv^^^^ 

the fourth electrowetting electrode 76 has an operative area which completely overlaps with 
the arrangement of protrusions 70 of the second face 68 of the wayefront modifier 226. THe 
hydrophobic fluid contact layer 74 preferably also overlaps with the arrangement of 
protiiisions 70 ofthe second fece 68. 

This embodiment of flie present mvention fiuiher comprises a second conduit 

80 of a similar construction to the conduit 224. as described for previous embodiments. Hie 
conduit 80 is formedby walls andacoverplate 80. which is coveredbyahydrophobicflmd. 

contact layer 82 and a fifth electrowetting electrode 84, and the conduit mcludes a sixtii 

common electrode (not shown). 
25 The second chamber 72 is fluidly comiected to the second condmt 80. m a 

similar manner to the fluid comiectionofthe first chamb^ 220 and the first conduit 224. such 

that a fluid tight enclosure results which holds a second fluid system. In this embodiment of 
thepresent invention the second fluid system is of a similar nature to tiie fluid system 
enclosed by the first chamber 220 and ttie first conduit 224, and comprises a first fluid 244 
30 and a second fluid 246. The first fluid 244 and the second fluid 246 are similar to tiie first and 
second fluids of previous embodiments of the present invention and Ue in contact with each 
other at two fluid menisci (not shown), similar to the fluidmenisci 48. 49ofthe first fluid 

system. Alternatively, the two fluids of tiie second fluid system can comprise a fluid or flmds 
which is or are diflferent to the first fluid and ttie second fluid 244. 246. 
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By applying different voltages to arrange the first and second fluids 244, 246 
within the two chambers 220. 72 and the two conduits 224. 80, the switchable optica 
ofthepresent invention can be arranged in four discrete states, shown in Figures 15. 16, 17 
and 18 respectively. IHe arrangement of the first and second fluids 244. 246 in these discrete 
states is of a similar nature to the first and second discrete states of the optical element for 
previous embodiments of the present mvention. 

m a similar mamier to previous embodiments of the present invention the first, 
second, fourth and fifth electrowetting electrodes 234, 240. 76, 84, and the common, third 
and sixthelectrodes (not shown) respectively.togetherformaconfigu^^^ 
electrodes which together withavoltage control systemCnot shown) formafluid system 

switch This fluid system switch enables the element of this embodiment of Ihe present 
invention to be arranged in the different discrete states by application of the necessary 
voltagesinordertoarrangethefirstandsecondfluids244.246maccordancewiththe 

selected discrete state. Similarly to previous embodiments of the present invention, flie flmds 
of the two fluid systems of the element flow in a circulatory mamier during a transition 

between the discrete states. 

m this embodiment of the present invention the two chambers 220. 72 are not 
inte^omiected between each otiier and two separate fluid systems are used. It is envisaged as 
a further embodiment of the present invention, a single fluid system is arranged to flow, m a 
circulatory mamier between the two chambers 220. 72. rather tiian into separate conduits. 
Thus in this embodiment, each chamber fimctions as a conduit for the other chamber. 

Note that, in tiie above embodiments, variations of refiractive index witii 

wavelengthhavebeenignored. However, such variations are generally relatively small. 
Where such variations arenotnegUgible. the effect canbe taken into accomitby appropnate 
modifications to the design oftiie wavefiwnt modifier. 

The arrangements described in tiie above embodiments provide for a reduction 
in the wavefront aberrations in at least one of tiiree different radiation beams, of different 
wavelength, scamimg different types of optical record carrier using a single objective lens 
system. Witiiout tiie switchable optical element at least one oftiie wavefiront aberrations, 
taken as a root mean square (RMS) value would fall above tiie acceptable limit of 70m\ 
whereas use oftiie switchable optical element reduces such aberration to less tiian 70mX. 

Th0 above embodiments are to be understood as illustiative examples oftiie 
mvention. Further embodiments oftiie invention are envisaged. 



10 



15 



WO 2004/027490 PCT/IB2003/004030 

27 

In a further envisaged embodiment of the present invention, the waveftont 
modifier is formed of a birefringent material. In this embodiment the predetermined 
wavefront modification performed upon a given radiation beam of a certain wavelength is 
also dependent upon a state of polarization of the radiation beam. Thus different 
predetermined waveftont modifications can be performed on the radiation beam having 

different states of polarization. 

In a further envisaged embodiment of the present invention one of the fluids of 
the fluid system of the element comprises a Uquid crystal material. In this case at least one 
surfece exposed to the interior of the chamber must comprise an aUgmnent layer. In this 
embodiment, wherein the o&er fluid of the fluid system is not a liquid crystal material, it is 
possible to switch between two discrete states of the element providing either a non- 
birefringent cell or a continuously variable Uquid crystal cell, for performing a waveftont 
modification upon a given radiation beam. 

As a fiirther envisaged embodiment of the present invention the heights of tiie 
protrusions on the face of the wavefront modifier are selected such tiiat, in a selected discrete 
state, the wavefront modification for two of the radiation beams of different wavelengths is 
an iiitegral multiple of 27r. This results in a flat wavefront modification. A wavefront 
modification for the remaining radiation beam is different and determined by the height of 
file protinisions and the selected discrete state to be used. 
0 In a fiirther embodiment of the present invention, the heights of the protrusions 

on the fece of the wavefront modifier are selected such that, in a selected discrete state, the 
wavefront modification for all three radiation beams is an integral multiple of 2ir. This results 
in a flat waveftont modification for all three radiation beams. However, by switching the 
discrete state for one radiation beam, a selected wavefront modification results. 
j5 In various of the described embodiment of tiie present invention, tiie refractive 

mdex of eitiier tiie first fluid or tiie second fluid maybe selected to be equal to tiie refractive 
index of the material from which tiie wavefront modifier is formed tiius creating a refractive 
index difference of zero across the face of tiie wavefront modifier. As a result, in tiie 
appropriate discrete state of the element where tiie said refractive index difference is zero, a 
30 flat waveftont modification is performed on at least one radiation beam of a certain 

wavelength. When tiie element is in tiie alternative discrete state wherein the refractive index 
difference is no longer zero, a different wavefront modification is perfomied on tiie radiation 
beams of different wavelengths. 
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In the above described embodimeats, each fluid is in the fonn of a Uquid. 
Alternatively, the oil component may be replaced with a gas or vapor component. 

hi the described embodiments, electrowetting electrodes and hydrophobic 
fluid contact layers are arranged on a surface adjacent the face of the wavefiront modifier. 
Alternatively, or in addition, corresponding electrowetting electrodes and hydrophobic fluid 
contact layers maybe formed on at least part of the fece of the wavefiront modifier. This will 
aid removal of one fluid fiom. and positioning of the other fluid on, the face of the wavefiront 
modifier during switching. Furthermore, whilst an electrode and hydrophobic fluid contact 
layer is formed on only one wall of the conduits of the above described embodiments, such 
means may be formed on two, toee, or all walls of the conduits, in order to aid correct fluid 

flow during switching. 

hi the above embodiments, the element is arranged for circulatory fluid flow 
during switching. Alternatively, fluid flow may occur between two separate reservoirs 
comiected to the chamber. Such fluid flow may be aided by pressurizing means, such as 

piezoelectric pump actuators. 

hi the described embodiments of the present invention, protrusions of the face 
of flie wavefront modifier are arranged so as to form for example diffiraction gratings or non- 
periodic phase structures (NPS). AdditionaUy the arrangement of the protrusions for the 
described embodiments of the present invention have been of a rotationally symmetric nature 
about a radial centrepoint of the face of tiie wavefiront modifier. Further arrangements of 
protrusions of the face of the wavefront modifier are envisage4 wherein the protrusions are 
shaped accordingly to produce a predetermined wavefront modification. The arrangement of 
the protrusions of the fece of the wavefront modifier are also not bemg limited to a 
rotationally symmetric nature about a radial centrepomt of the fece of the wavefront modifier. 
Furthermore, the wavefront modifier need not include protrusions; the wavefront modifier 
may for example be in the form of a smooth spherical or a spherical lens surface, or a flat 
surface including a mirror grating. The wavefront modifier may act in a reflective, rather than 
a refractive, mode. 

It is to be understood that any feature described above in relation to any one 
3 embodhnent may be used alone, or in combination with other features described, and may 
also be used in combination with one or more featiires of any other of the embodiments, or 
any combination of any other of the embodiments. Furthermore, equivalents and 
modifications not described above may also be employed witiiout departing from tiie scope 
of the invention, which is defined in tiie accompanying clahns. 



